Ureaplasma urealyticum is a recognized cause of urethritis (Kong et al., 1996; Taylor-Robinson & Furr, 1997; Taylor-Robinson et al., 1985) and has been implicated in complications of pregnancy and prematurity (Abele-Horn et al., 1997a, b; Cassell et al., 1988; Kundsin et al., 1996 ; Nelson et al., 1998) . As a common genital tract commensal (Tully, 1993) , its pathogenic role in individual cases is difficult to confirm. Currently, U. urealyticum includes two biovars and 14 serovars (Lin & Kass, 1980; Naessens et al., 1988; Razin & Yogev, 1986; Robertson & Stemke, 1982; Robertson et al., 1993) . Some serovars have been implicated in disease syndromes more commonly than Abbreviation : M BA, mu Iti pl e-banded antigen.
The GenBank accession numbers for the sequences in this paper are: AF055358-AF055367, AF056982-AF056984 (MBA genes); AF059322-AF059335 (1 65-235 rRNA gene spacer regions); AF085720-AF085733 (urease gene subunits); AF073446-AF073459 (1 65 rRNA genes).
others (Abele-Horn et al., 1997b; Grattard et al., 1995b; Naessens et al., 1988; Zheng et al., 1992) , but any differences in pathogenicity among serovars is unproven. Investigations have been limited by technical difficulties and cross-reactions associated with conventional serotyping methods even when monoclonal antibodies are used (Cheng et al., 1994; Naessens et al., 1988; Quinn et al., 1981; Robertson & Stemke, 1982; Watson et al., 1990; Wiley & Quinn, 1984) . Phylogenetic analysis of the relationships between the biovars and serovars of U. urealyticum would provide the basis for a molecular typing system and allow further investigation of the pathogenic potential of individual types (Razin & Yogev, 1986; Robertson & Stemke, 1982; Robertson et al., 1994; Weisburg et al., 1989) . The target sequences chosen for such an analysis should be relatively conserved and have biovar-specific and serovar-specific differences. In this study, we sequenced four gene regions of all 14 serovars of U. urealyticum to study the phylogenetic relationships Oligonucleotide primers. The oligonucleotide primers used in the paper are shown in Table 1 . Previously published primers were used as follows: P1, P6, U3, U8 (Robertson et al., 1993) , GPO-1, Mseq-3, GPO-3 and MGSO (van Kuppeveld et al., 1992) were used to amplify and sequence the 16s rRNA genes; MCGpF11, R23-1R, R16-2 and MCG-pR21 (Harasawa et al., 1993) were used to amplify and sequence the 16s-23s rRNA gene spacer regions; UUSl, UUA1, UlA, U1B (Blanchard, 1990) , U2B, U2C (Ruifu et al., 1997 ) -as well as additional primers designed by us, UUSP, UCAl and UCA2 -were used to amplify and The 5' end of MBA Teng et al. (1994 , 1995 Teng et al. , 1995 ) Teng et al. (1994 , 1995 ) Teng et al. (1994 , 1995 ) Teng et al. (1994 , 1995 ) Teng et al. (1994 , 1995 genes UlB  U2B  u 2 c  UCAl  UCA2  UMS-125   UMA226  UMSSI  UMA427   UMA263   UMS-170   AGA GTT TGA TCC TGG CTC AGG A  TAG AAG TCG CTC TTT GTG G  GAA GAT GTA GAA AGT CGC GTT TGC  GGT AGG GAT ACC TTG TTA CGA CT  ACT CCT ACG GGA GGC AGC AGT A  TGT ATT ACC GCG GCT GCT G  GGG GAG CAA ATA GGA TTA GAT ACC CT  TGC ACC ATC TGT CAC TCT GTT AAC CTC  AAA CTA TGG GAG CTG GTA AT   GTG GGG ATG GAT CAC CTC CT  CCA TTC ACC ATA AAC TCT T  CTC CTA GTG CCA AGG CAT C/TC AAT TCT (C/T)(C/T)A (A/T)TA AGA ATA   CAC AGA TGT CCT TGA TGT AC  TAC TTC ACG AGC AGA TTG CA  GAT GGT AAG TTA GTT GCT GAC  ACG ACG TCC ATA AGC AAC T  CGA AAT TGT GAT GAA CGA AGG  CTC CTA ATC TAA CGC TAT CAC C  TTC AT(C/T) CCC ATA CCT TCA CG  GTG AAC GTG AGT ATC TAA AC  GTG AAC GTG AGT ATC TAA AC   (A/G)CA CAT   CAG CTG ATG TAA GTG CAG CAT TAA ATT C  TTC TGG GCT ATG ACA TTA GGT GTT ACC  ACC TGG TTG TGT ACT TTC AAA GTT CAC  GTA TTT GCA ATC TTT ATA TGT TTT CG  TTT GTT GTT GCG TTT TCT , 4, 5, 7, 8, 9, 10, 11, 12, 13 . DNA preparations. Cells from 0-5 ml of ureaplasma broth ( 10B) cultures of each U. urealyticum serovar were harvested from late exponential growth by centrifugation at 14000 g for 20 min. DNA was isolated from cultures by treatment with 500 p1 digestion buffer (10 mM Tris/HCl, pH 8.0, 0.45 % Triton X-100 and 0.45 Yo Tween 20) and proteinase K, 20 g l-l, at 55 "C for 1 h, 95 "C for 20 min and then extraction with phenol/chloroform/isoamyl alcohol (25 : 24: 1, by vol.) and chloroform/isoamyl alcohol (24: 1, v/v). DNA was precipitated with 0.1 vol. of 3 M sodium acetate (pH 5.2) and 2 vols of ethanol. The washed and dried pellets were hydrated in 200 pl ultrapure and sterile water.
PCR. The 25 p1 amplification reaction mixtures contained 2.5 pl 10 x PCR buffer (1 x is 10 mM Tris/HCl, pH 8.8 at 25 "C, 1.5 mM MgCl,, 50 mM KCl and 0.1 YO Triton X-loo), 0.5 U Taq polymerase (Finnzymes), 200 mM of each dNTP (dATP, dCTP, dGTP, dTTP; Boehringer Mannheim), 10 pmol each primer, 5 p1 sample DNA, and added ultrapure sterile water to 25 pl.
The denaturation, annealing and elongation temperatures and times used were 95 "C for 30 s, 55-62 "C (according to the T, values of different primers) for 30 s and 72 "C for 1 min, respectively, for 40 cycles using a Perkin Elmer thermocycler (Blanchard, 1990; Harasawa et al., 1993 ; Robertson et al., 1993; Ruifu et al., 1997; Teng et al., 1994 Teng et al., , 1995 van Kuppeveld et al., 1992) .
Eight microlitres of PCR products were analysed by electrophoresis on 2.0 YO (w/v) agarose gels which were stained with 0.5 pg ethidium bromide ml-'. A visible band with appropriate size on UV translumination was considered a positive result.
Sequencing and analysis. The PCR products were sequenced with Applied Biosystems (ABI) Taq DyeDexoy terminator cycle-sequencing kits according to standard protocols. The multiple sequence alignments were performed with PILEUP and PRETTY programs from the Multiple Sequence Analysis program group, provided in WebANGIS, ANGIS (Australian National Genomic Information Service) version 3. Phylogenetic relationships were studied using CLUSTAL and trees were bootstrapped with 100 replications. 
RESULTS

PCR
The results of PCR for all 14 U . urealyticum serovars, using 11 primer pairs to amplify the four different gene regions are summarized in Table 2 and representative examples are shown in Figs 1-3. Five primer pairs were specific for either biovar 1 or biovar 2 and the others produced different sized bands for each biovar. With one exception, band sizes produced by individual primer pairs were consistent for all serovars within each biovar. The exception was the primer pair UMS-125 and UMA226, which gave fragments of 403 bp for serovars 1,3 and 14 and of 404 bp for serovar 6 (due to a single base insertion in serovar 6 at position -46) ( Fig. 7) .
Comparative study of the sequences of four genetic regions 165 rRNA genes. There were 14 (14/ 1439 = 0.97 YO) base differences in the sequences of 16s rRNA genes between the two biovars. Heterogeneity was found at two sites among four serovars of biovar 1 and at two sites among ten serovars of biovar 2 (Table 3) .
UAB reference isolates of U. urealyticum serovars 1,2, 3, 5,6,7,8 and 14 were sequenced and the results were identical to those of the corresponding ATCC serovar strains, with the exception of serovar 7. In the UAB reference strain of serovar 7, the base at position 1407
International Journal of Systematic Bacteriology 49 was C, as it is for the other eight serovars of biovar 2, rather than T as it was for ATCC serovars 5 and 7. 165-235 rRNA gene spacer regions. The DNA sequence alignment for the sequences of 16s-23s rRNA gene spacer regions showed 14 (14/312 = 4.5 Yo) base differences between the two biovars ( Fig. 4) , but sequences were similar among serovars within each biovar.
Urease subunits ureA, ureB, partial ureCgenes and adjoining upstream of ureA, ureA-ureB spacer and ureB-ureC spacer.
The sequences of the four serovars of biovar 1 were identical. Sequences of nine of the ten serovars of biovar 2 were identical, but serovar 2 differed by two bases, at positions 126 (G instead of A) and 248 (T instead of C). There were 141 base differences (141/ 1320 = 10.7 YO) between the sequences of biovars 1 and 2. There were 25 base differences (25/149 = 16.8 YO) in the region upstream of ureA ; 19 (1 9/306 = 6-2 %) in ureA; 11 (1 1 /51 = 20.4 YO) in the ureA-ureB spacer; 30 (30/375 = 8-00/,) in ureB; 11 (11/45 = 24.4%) in the ureB-ureC spacer and 45 (45/404 = 11.1 YO) in partial ureC (Fig. 5) . UAB reference isolates of serovars 2, 6, 7, 10, 11, 12 and 13 were sequenced and the results were identical to those of the corresponding ATCC serovar strains.
The 5'-end region of the MBA genes. The amplified fragments of the 5'-end of the MBA gene of serovars belonging to biovar 1 were shorter than those of biovar 2, mainly because of the deletion of a 45 bp segment of the biovar 1 sequence upstream of the start codon of the MBA genes (-87 to -43). There were 155 (155/481 = 32.2%) base differences between the sequences for the two biovars -73 (73/281 = 26.0 YO) in the region downstream from the start codon and 82 (82/200 = 41.0%) in the upstream region. These differences included deletions at 49 sites in biovar 1 and at five sites in biovar 2 (Fig. 6 ). All 14 serovars of UAB reference strains were sequenced, and the results were identical to the corresponding ATCC serovar strains. There were base differences at 37 (37/603 = 6. sites among four serovars of biovar 1 (Fig. 7) (Kong et al., 1999) . Sequences were more conserved between the ten serovars of biovar 2, with base changes at only six (6/476 = 1.3 YO) sites : base -112 of serovars 4, 10, 12, 13 changed from A to G ; base 194 of serovars 4,10,12, 13 changed from C to A; base 219 of serovars 7, 11 changed from C to T ; base 223 of serovars 7, 11 changed from G to A; base 251 of serovars 7, 11 changed from C to T ; base -29 of serovars 4, 10, 12, 13 and 7, 11 changed from A to G (Fig. 8) . Sequencing of UAB reference strains showed identical differences between serovars to those found with ATCC serovars.
Phylogenetic tree of U. urealyticum
Because the sequences of the 16s rRNA genes, the 16s-23s rRNA gene spacer regions and the urease gene subunits were conserved within each biovar, they did not provide enough information to distinguish serovars. However, all three showed enough differences between biovars to separate them clearly into two clusters. We analysed the phylogenetic relationships further using sequence data for the MBA genes, based on the results of multiple sequence alignment (Fig. 9) . The phylogenetic tree, based on the sequences of the 5'-end of MBA genes, confirmed that the four serovars of U. urealyticum biovar 1 and 10 serovars of biovar 2 were clearly separated into two clusters. Within biovar 1, serovars 3 and 14 formed one cluster, and serovars 1 and 6 another cluster. The ten serovars of biovar 2 could be separated into three clusters: (i) serovars 2,5, 8 and 9 ; (ii) serovars 4,10,12 and 13 ; (iii) serovars 7 and 11.
DISCUSSION
Various methods have been described previously to distinguish the two biovars of U. urealyticum including susceptibility to manganese (Robertson & Chen, 1984) ; enzyme profiles (Davis & Villanueva, 1990) ; protein or antigen epitope analysis (Horowitz et al., 1986; MacKenzie et ai., 1996; Teng et al., 1994) ; DNA-DNA hybridization (Christiansen et ai., 198 1);
RFLP (Harasawa et al., 1991) ; one-and two-dimensional gel electrophoresis (Swenson et al., 1983) ; genomic sizes (Robertson et al., 1990) ; arbitrarily primed PCR fingerprinting (Grattard et nl., 1995a, b ; Kong et al., 1996) ; and PCR amplification of specific genes (Blanchard, 1990; Harasawa et al., 1993; Robertson et al., 1993 ; Teng et al., 1994) . However, to study the possible association of individual serovars with clinical disease, further identification of individual serovars is needed. The aim of this study was to analyse the phylogenetic relationships between the 14 serovars of U. urealyticum and define their genotypes, as the basis of a new molecular typing system, using sequence data from four genetic regions. The 16s rRNA genes and the 16s-23s rRNA gene spacer regions have been used extensively in taxonomic studies of many different types of bacteria, including the Mollicutes and, specifically, ureaplasmas (Barry et al., 1991 ; Everett & Andersen, 1997 ; Harasawa et al., 1991 Perez Luz et al., 1998; Robertson et al., 1994; van Kuppeveld et al., 1992; Weisberg et al., 1989) . Both are relatively wellconserved but have sufficient heterogeneity to allow some differentiation within species. In the 16s rRNA genes, base differences occurred between biovars 1 and 2 at fewer than 1 Yo of sites, several of which-at positions 176,177 and 180-1 83 -have been previously described and used to design PCR primers to distinguish the two biovars (Robertson & Stemke, 1982 . 72 MBAUU-8 Fig, 9 . Phylogenetic tree for the 14 serovars of U. urealyticum (based on the 5'-end of MBA gene nucleotide sequences of U. urealyticum ATCC strains). CLUSTAL was used for alignment, and PHYLIP was used for constructing the phylogenetic tree. The tree was formed using Methanococcus jannaschii as outgroup and was bootstrapped with 100 replications.
each biovar with few differences between serovars. The 16s-23s rRNA gene spacer region is shorter but more heterogeneous than the 16s rRNA gene. We found differences between the sequences of biovars 1 and 2 at 4.5% of sites, but none within the biovars.
Urease is a virulence factor in U. urealyticum and a number of other bacteria (Collins & D'Orazio, 1993; Ligon & Kenny, 1991 ; Smith et al., 1993; Willoughby et al., 1991) . The urease subunit genes have been used to study the phylogenetic relationships of other ureaseproducing bacteria (Akashi et al., 1996) as well as ureaplasmas (Blanchard, 1990; Ruifu et al., 1997) , in which it has been used to separate the two biovars. Using urease subunit genes ureA, ureB, partial ureC and adjoining upstream regions of ureA, ureA-ureB spacer and ureB-ureC spacer, we demonstrated base pair differences between the two biovars at 10.7% of sites. Again, sequences of these genes were wellconserved within biovars, although serovar 2 was distinguished from other serovars in biovar 2 by two separate single-base mutations, which were confirmed in a clinical isolate of the same serovar.
Urease subunit genes have been used previously to biotype isolates (Blanchard, 1990) and to demonstrate heterogeneity among different serovars (Ruifu et al., 1997) . In the former study (Blanchard, 1990) , primers used for biotyping of U. urealyticum did not amplify urease genes of serovars 10 and 12 of biovar 2. . urealyticum serovars 2, 4, 5, 7, 8, 9, 10 Phylogeny of Ureaplasma urealyticum However, we were able to amplify all serovars of biovar 2 including serovars 10 and 12 (ATCC and UAB reference strains) but none of the serovars of biovar 1, using the same primers. Therefore these primers can be used to biotype U. urealyticum. Our results also showed that the homologies between the different serovars within each biovar were quite high and minor differences between sequences were inadequate to distinguish all serovars of U. urealyticum using this target (Ruifu et al., 1997) .
The MBAs of U . urealyticum are the major immunogens recognized during infection and are thought to be important virulence factors involved in interactions with host cells (Watson et al., 1990; Zheng et al., 1992 Zheng et al., , 1995 . Their genes, which contain both biovar-and serovar-specific regions, were selected as appropriate targets for this phylogenetic study of U. urealyticum. We amplified and sequenced the 5'-end of MBA genes of all 14 serovars. The genes of biovar 2 were more highly conserved and longer than those of biovar 1 in the regions compared. The two biovars could be easily distinguished from each other. There were base changes in only six sites at the 5'-end of MBA gene of biovar 2. all of which were confirmed in UAB reference strains of the same serovars. They appear to be stable differences that could be used to subtype U. urealyticum biovar 2 by direct sequencing.
Base differences between sequences of the four serovars of biovar 1 were more numerous. However, serovars 3 and 14 were similar to each other, with only three base pair differences ; serovars 1 and 6 differed by 16 bp. In common with others, we have shown that biovar 1 (serovars 1, 3, 6 and 14) is the predominant biovar isolated from the urogenital tract (Abele-Horn et al., 1997a, b; Kong et al., 1996) . Therefore, we have developed a serovar-specific PCR/restriction endonuclease analysis procedure to differentiate these serovars (Kong et al., 1999) .
Our results showed that the heterogeneity of inter-gene spacer regions was higher than that of the genes themselves (Nakashima et al., 1998) . For example, the heterogeneity of the 16s-23s rRNA gene spacer region was 4.5Y0, compared with only 0.97% for the 16s rRNA gene; the heterogeneity in the sequence upstream of ureA, the ureA-ureB spacer and the ureB-ureC spacer genes varied from 17 to 24 YO compared with 6 1 1 YO for ureA, ureB and partial ureC genes; the heterogeneity in the sequence upstream of the S e n d region of MBA genes was 41 YO compared with 26 YO in the 5'-end of MBA genes themselves. Therefore, primers based on the inter-gene spacer regions could be more discriminatory for biotyping than those based on the genes themselves. Biovar-specific primers based on the upstream region of the ureA subunit of the urease gene have been used previously (Blanchard, 1990) .
Our study is the first phylogenetic analysis of U. urealyticum based on four important genes or DNA sequences from all 14 serovars. We confirmed and extended the findings of previous studies, that there were significant differences between the two biovars of U. urealyticum, which justify their being designated as different species (Robertson et al., 1993; Teng et al., 1995) . This was first suggested in 1981, based on DNA-DNA hybridization, which showed only 40-60 YO homology between the biovars, enough to justify their separation into two species (Christiansen et al., 198 1) . Subsequently other workers have supported this separation on the basis of differences in the sequences of 16s rRNA (Robertson et al., 1993) and MBA genes (Teng et al., 1994) between the two biovars. Although, in our study, the degree of heterogeneity in the 16s rRNA genes was relatively low (0.97%), it was higher in the other three gene regions sequenced, especially the MBA gene (32%). It has been shown previously that sequence identity of the 16s rRNA gene does not necessarily imply species identity. For example, DNA-DNA hybridization showed 99.5% sequence identity between the sequences of 16s rRNA genes of three different bacterial strains that were distinguishable as different Bacillus species on the basis of phenotypic and other genetic differences (Fox et al., 1992) .
Comparison of the sequences of the whole genomes of each biovar and serovar would be the most accurate way to study the phylogeny of U. urealyticum (Nakashima et aE., 1998). However, comparison of sequence data for several important genes, from each of the serovars, is more feasible and should provide almost as much information. Genes other than those that we sequenced, that are present in mycoplasmas (including ureaplasmas), and for which sequences have been reported by others, may be useful also for phylogenic analysis of U. urealyticurn. They include the tuf gene which has been sequenced from M . genitalium (Loechel et al., 1989) , M . pneumoniae (Yogev et al., 1990) , M . hominis (S. A. Ladefoged & G. Christiansen, GenBank accession no. X57136), the 23s RNA gene and the 3'end of the MBA gene of U. urealyticum (Zheng et al., 1996) . Like the urease and MBA genes, they may be more useful than the 16s rRNA gene, for phylogenetic analysis of U. urealyticum (Powers & Noller, 1993; Kamla et al., 1996) . However, we believe that the comparative sequence data provided in our study is adequate to justify our support for the division of U . urealyticum into two species.
The combination of DNA sequence data from several important genes with traditional methods of classification, may better reflect the phylogenetic relationships between different biovars and serovars better than either method alone. Our work provides further support for establishment of two different human Ureaplasma species as proposed by Robertson & Chen (1994) and Teng et al. (1994) , namely U. parvum (currently U. urealyticum biovar 1) and U. urealyticum (currently biovar 2). In the future, clinical studies of human ureaplasma infection should distinguish these two new species to determine whether either is more likely to be associated with disease. Further work is required to determine whether the current subdivision of these species into serovars requires modification, based on genetic data.
